Abstract | Proteotoxic stress, that is, stress caused by protein misfolding and aggregation, triggers the rapid and global reprogramming of transcription at genes and enhancers. Genome-wide assays that track transcriptionally engaged RNA polymerase II (Pol II) at nucleotide resolution have provided key insights into the underlying molecular mechanisms that regulate transcriptional responses to stress. In addition, recent kinetic analyses of transcriptional control under heat stress have shown how cells 'prewire' and rapidly execute genome-wide changes in transcription while concurrently becoming poised for recovery. The regulation of Pol II at genes and enhancers in response to heat stress is coupled to chromatin modification and compartmentalization, as well as to co-transcriptional RNA processing. These mechanistic features seem to apply broadly to other coordinated genome-regulatory responses.
Cells and organisms encounter external and internal conditions that can disrupt homeostasis. Such stress conditions include elevated temperatures, toxins, hypoxia, cancer and ageing, each of which compromises cellular functions by affecting proteins, membranes and DNA (reviewed in refs 1, 2 ). To combat these adverse conditions, cells activate a rapid and transient programme that adjusts RNA and protein synthesis, cytoskeletal and membrane integrity and the metabolic state of the cell (reviewed in refs 1, 2 ). In each cell, organelles employ autonomous signalling strategies that sense and communicate the stress to the cytosol and nucleus, inducing stress-specific transactivators and both specific and global transcriptional responses (reviewed in refs [3] [4] [5] [6] ) ( fig. 1 ). Besides internal cell coordination, organisms integrate the cellular stress responses and metabolic states of the animal (reviewed in refs 7, 8 ) ( fig. 1 ). Over the past few decades, the profound molecular and physiological changes in cells upon exposure to stress have provided robust models for elucidating mechanisms of key cellular processes, including the genome-wide coordination of transcription upon heat stress [9] [10] [11] (reviewed in refs 6, 8, 12 ), the molecular basis for inhibition of translation during the unfolded protein response (UPR) 13, 14 (reviewed in refs 3, 15 ) and the organismal control of cellular stress responses 16, 17 (reviewed in refs 7, 8 ). Additionally, properly regulated stress responses are vital for organismal health, as protein misfolding and aggregation underlie neurodegeneration, while cancer cells can harness stress responses for improved cell survival and metastasis [18] [19] [20] [21] [22] (reviewed in refs 6, 8, 23 ).
The cellular response to stress was first described in 1962 when chromosomal puffs, a hallmark of active transcription, were found to be rapidly generated in heattreated salivary glands of Drosophila busckii 24 . These heatactivated loci encode molecular chaperones termed heat shock proteins (HSPs), which are produced on a large scale in stressed cells, while global transcription and translation are reduced 25, 26 (reviewed in ref. 6 ). The HSPs, in turn, maintain homeostasis in stressed and unstressed cells by chaperoning protein folding, targeting damaged proteins for degradation, solubilizing protein aggregates and preserving cellular structures and molecular functions 6 . Mechanisms of transcriptional control have been elucidated by focused studies on model genes. However, recent advances in genome-wide methods have transformed conventional gene-centric analyses to the characterization of regulatory mechanisms across the genome. Consequently, measures of the exact location of transcribing RNA polymerase II (Pol II) complexes across the genome have revealed the breadth of gene and enhancer regulation upon heat and celastrol stresses, as well as the mechanistic steps at which the transcriptional reprogramming is executed [9] [10] [11] 27, 28 . Moreover, high-resolution chromatin analyses have uncovered stress-induced changes in nucleosome dynamics 29 , transactivator binding 10,21,30-32 and chromatin states 11, 27, 29 , both at transcribed and untranscribed loci.
In this Review, we summarize how transcriptional programmes are executed upon acute stress, focusing on mechanisms that globally regulate RNA synthesis from genes and enhancers. As the rapidly executed heat shock response has enabled detailed kinetic analyses of transcriptional control, we describe how RNA synthesis is orchestrated primarily in heat-stressed cells. We begin by outlining genome-wide changes upon heat stress in distinct species before focusing on stress-induced kinetics and the molecular mechanisms that regulate Pol II at promoters. We then discuss the stress response at enhancers and the effects of stress on chromatin before concluding with recent discoveries that couple transcriptional regulation to RNA processing in stressed cells. Stress conditions in different compartments of the cell need distinct trajectories to communicate with the nucleus to provoke a transcriptional change. a | In the cytosol, heat stress causes heat shock proteins (HSPs) to release heat shock factor 1 (HSF1), which then can trimerize, bind to its target DNA elements and transactivate genes that encode chaperone machineries and polyubiquitin (reviewed in refs 6, 8 ). b | Oxidative stress inactivates prolyl hydroxylase domain-containing proteins (PHDs), which reduces the degradation of hypoxia-induced factor 1α (HIF1α), allowing HIF1α to dimerize with HIF1β and activate transcriptional programmes for induced angiogenesis and oxygen supply (reviewed in ref.
5
). c | In the endoplasmic reticulum (ER), protein misfolding triggers the unfolded protein response (UPR ER ), which communicates from the ER lumen to the cytosol via the membrane-embedded proteins inositol-requiring protein 1 (IRE1), protein kinase R (PKR)-like ER kinase (PERK), and cyclic AMP-dependent transcription factor ATF6 (refs 3, 28, [124] [125] [126] and references therein). Each of these three pathways leads to the generation of distinct transactivators (by activated splicing and translation of X-box binding protein 1 (XBP1), by translation control of ATF4 or by proteolytic processing of ATF6, respectively) 3 . d | In the mitochondria, misfolded proteins are first processed by protease complexes (grey sliced circle), and the peptides move to the cytosol via ATP-binding cassette (ABC) transporters (white barrels), subsequently activating the mitochondrial UPR (UPR MT )-responsive transactivators ATF5 and DNA damage-inducible transcript 3 protein (DDIT3; also known as CHOP) 4, 127, 128 . In parts a and b, heat and hypoxia lead to a rapid activation of constitutively expressed transactivators that are maintained inactive by the complexes that sense misfolded proteins or levels of oxygen, respectively (reviewed in refs 5, 6, 8 ). In parts c and d, compartment-restricted stresses are communicated over membrane barriers, which likely delays the transcriptional responses. stress-induced genome-wide reprogramming Dynamic coordination of transcription is essential for cellular processes, including responses to external and internal signals. At genes, transcription is controlled at multiple, potentially rate-limiting steps (Box 1), comprising chromatin opening, assembly of the pre-initiation complex (PIC), initiation of transcription, promoterproximal pausing, elongation, termination and, finally, recycling of the transcription machinery (reviewed in refs 33, 34 ). Global run-on methods, such as precision runon sequencing (PRO-seq), have enabled the identification of the exact positions of transcribing Pol II complexes across the genome [35] [36] [37] [38] . These advances were harnessed to map the transcriptional changes upon heat stress at nucleotide resolution in multiple species. Analyses of the positions of transcribing Pol II complexes in flies 9 , mice 10 and humans 11 revealed the rapid repression of thousands of genes, as evidenced by the reduction of Pol II molecules along coding sequences (schematically illustrated in fig. 2A ). Although the response in different species is highly conserved, in mammals, Pol II accumulates at the promoter-proximal pause region of heat-repressed genes 10,11 , whereas in flies, heat stress causes decreased Pol II density across the whole gene 9 . From fly to human, the rapid activation of hundreds of genes is detected as increased Pol II density both at promoter-proximal regions and along the coding sequences ( fig. 2A) .
Concurrent with the reprogramming of genes, the transcriptional profiles of enhancers undergo largescale changes in heat-stressed human cells 11 , exhibiting reduced or increased Pol II density at thousands of enhancers ( fig. 2A) The changes in gene and enhancer expression are accompanied by changes in the chromatin environment at transcribed and untranscribed loci, including nucleosome dynamics 29 , chromatin sumoylation 27 , histone acetylation 11,29 and transactivator binding [9] [10] [11] 21, [30] [31] [32] . These changes to chromatin dynamics demonstrate that acute stress triggers massive reshaping of not only gene transcription and the regulatory element landscape but also chromatin structure, as discussed below.
reprogramming of gene expression Temporal patterns of gene expression changes Many studies have analysed heat-induced changes in mRNA or protein expression using microarray, mRNA sequencing (mRNA-seq), mass spectrometry or antibody-based methods 21, 31, 32, [39] [40] [41] [42] (reviewed in refs 1, 43 ). Collectively, these studies have identified similar classes of heat-induced or heat-repressed genes across species, revealing core processes that need to be adjusted in stressed cells (reviewed in refs 1, 43 ). Heat-induced genes encode chaperones and proteases, metabolic regulators, DNA and RNA repair machinery, signalling molecules and transport proteins (reviewed in refs 1, 43 ). Heat-repressed genes, conversely, have gained less focus than the heat-induced genes, primarily owing to limitations in inferring transcriptional changes, particularly repression, from steady-state RNA and protein levels. However, the heat-repressed genes have been reported to comprise translation machinery, cell growth regulators and RNA processors 39, 40 (reviewed in ref.
43
). The limitations for quantitative and temporal analyses of transcription were recently overcome by studies that used PRO-seq to map profiles of nascent transcription [9] [10] [11] 28 . These studies largely confirmed the results of steady-state RNA analyses, additionally discovering a massive downregulation of gene expression upon treatment with either heat ( fig. 2A,B) or the small molecular compound celastrol ( fig. 2Bb) . Moreover, the temporal analyses of Pol II progression along the genes revealed several different patterns of gene expression [9] [10] [11] 28 ( fig. 2B) . From fly to human, components of the translation machinery are transcriptionally repressed within 10 minutes of stress exposure, whereas RNAprocessing complexes show a more delayed decline ( fig. 2B) . Furthermore, the heat-induced progression of Pol II along activated genes can be detected within 2.5 minutes of heat stress ( fig. 2B) 
Celastrol
Chemical compound (pentacyclic triterpenoid) that induces the heat shock response and unfolded protein response and exhibits antiinflammatory, anticancer and antioxidant activities.
Box 1 | Steps of transcription
Dynamic coordination of transcription is essential for cellular processes, including responses to external and internal signals. At mRnA encoding genes, transcription by RnA polymerase II (Pol II) requires multiple factors and is controlled at several potentially rate-limiting steps. These include the following (reviewed in refs 33, 34 ):
Promoter opening nucleosome remodellers and histone-targeting enzymes increase the accessibility of the regulatory region.
Transcription initiation
A process whereby general transcription factors (GTFs) direct Pol II to a promoter or enhancer to form the pre-initiation complex (PIC).
Promoter-proximal pausing A control step whereby transcriptionally engaged Pol II pauses 20-50 nucleotides downstream of the transcription start site (TSS). The pause is stabilized against premature termination and elongation by negative elongation factors. Productive elongation is triggered by positive elongation factors, particularly the positive transcription elongation factor b (P-TeFb) kinase.
Transcriptional elongation
The progress of Pol II along the DnA template during which nucleotides are added to the nascent RnA chain.
Co-transcriptional processing
The nascent transcript can undergo several modifications as the transcription proceeds:
• 5′ capping adds a methylated guanoside (m7G) to the 5′ end of the nascent RnA as it emerges from the Pol II complex, stabilizing the RnA.
• Co-transcriptional splicing can remove introns rapidly after the 5′ end of the exon emerges from the transcription bubble.
• Cleavage and polyadenylation of the primary transcript add an untemplated poly(A) stretch to the 3′ end of the RnA, protecting the RnA against degradation and functioning as a signalling moiety.
Transcription termination
Transcription proceeds beyond the cleavage and polyadenylation site; however, the cleavage leaves an unshielded 5′ end on the nascent RnA that Pol II synthesizes, causing its degradation and termination of transcription.
Recycling
Transcription machinery can be recycled from the 3′ end of the gene to the TSS, for which two nonexclusive models have been presented:
• Chromatin looping physically brings the 3′ end to the instant vicinity of the TSS.
• Chromatin compartmentalization generates an insulated region where transcription machinery is retained in high concentration. Beyond promoters, distal regulatory elements orchestrate transcription by providing signalling hubs and modulating chromatin compartmentalization (reviewed in refs 80, 90 ). . In mammals, the repression is mediated by inhibiting the release of paused Pol II into elongation, causing accumulation of Pol II at the pause site (blue dashed line). In flies (not shown), the heat repression causes decreased Pol II density across the gene. From fly to human, the rapid activation of genes is triggered by releasing promoter-proximal paused Pol II into elongation (red dashed line). Concurrent with reprogramming of genes, the enhancer landscape is re-profiled in heat-stressed cells, provoking reduced or increased Pol II density at thousands of enhancers 11 . Gene transcription is depicted with red; divergent transcription with light grey. At enhancers, both strands (indicated with red and grey) produce short and unstable transcripts. The analyses of nascent transcription upon heat [9] [10] [11] 27 and celastrol 28 enable a direct comparison of transcriptional changes with distinct stresses. Somewhat surprisingly, heat and celastrol induce strikingly similar patterns of transcription 10,11,28 ( fig. 2B ). In essence, celastrol triggers transcriptional changes that follow slower kinetics and causes smaller fold enrichments than heat shock, but it also triggers the synthesis of chaperone complexes and represses the production of translation machinery and RNA-processing proteins 28 . An intriguing difference in celastrol-exposed cells compared with heat-treated cells is the selective induction of components of the UPR of the endoplasmic reticulum (UPR ER ) ( fig. 2B ). These comparisons indicate that heat and celastrol stresses activate the same pathways to increase expression of cytosolic chaperones but differ in their effect on cellular compartments, such as the ER. Measuring transcription dynamics from distinct stresses is particularly informative for elucidating the mechanisms that prepare and execute genome-wide changes in gene expression and for identification of compartment-specific pathways. Given that pathophysiological conditions are associated with a variety of stressors, understanding the molecular details of each response is critical in clarifying causes of stressrelated pathological conditions and, particularly, for the targeted prevention of disease states.
Regulation at stress-activated genes
The rapid and robust induction of HSP gene expression upon heat stress has served as a model for transcriptional stress responses, fostering many groundbreaking insights into the regulatory steps of gene expression (Box 1; reviewed in refs 6, 8, 12 ). An important part of these analyses has been the real-time in vivo imaging of the sequential recruitment of transcription factors, chromatin remodellers and Pol II to the activated Hsp70 promoter in polytene chromosomes of Drosophila melanogaster [44] [45] [46] [47] . Importantly, genome-wide assays that measure nascent transcription [9] [10] [11] , nucleosome localization 29, 48 and positioning of chromatin-bound regulators [9] [10] [11] 49, 50 have shown that the mechanisms that govern the regulation of HSP genes are largely generalizable to other heat-activated genes and likely also to inducible transcriptional changes in general, such as those detected during development (reviewed in ref.
34
). These regulatory events include the action of chromatin remodellers at the promoter and along the gene 29, 48 , the recruitment dynamics of transcription factors [9] [10] [11] 21, [30] [31] [32] , the establishment and maintenance of promoter-proximal Pol II pausing 9, 51 and the release of paused Pol II into productive RNA elongation [9] [10] [11] 27, 28 .
Promoter opening and pre-establishment of directionality at heat-activated genes. Transcription requires accessible chromatin and, accordingly, the majority of heat-induced genes have established an open promoter state before the stress exposure 9, 11, 31, 32 . In D. melanogaster, GAGA-associated factor (GAF; also known as Trl), which recognizes GAGA-rich sequences, is essential for both the maintenance of the nucleosome-free chromatin state 51 and for the pausing of Pol II at a number of heat-responsive promoters 9 ( fig. 3a) . GAF has been shown to interact with chromatin remodellers, including nucleosome remodelling factor (NURF) 52 , which catalyses the sliding of nucleosomes and is required for proper expression of hundreds of genes 53, 54 . In mammals, replication protein A (RPA) and the FACT (facilitates chromatin transcription) complex create nucleosome-free regions at heat-responsive promoters 55 ( fig. 3b ).
Once chromatin is accessible, general transcription factors (GTFs) can bind to the DNA and position Pol II at the transcription start site (TSS). In flies, strong promoter elements, such as TATA box and initiator (Inr), are localized close to the TSS of the coding strand 36 , positioning the PIC upstream of the gene (fig. 3a,c) . A very small amount of divergent transcription occurs in fly promoters 36, 37 ; however, it is particularly evident in mammals 35, 56 , where two core promoters initiate transcription in opposing directions, one towards the gene (sense) and the other in the antisense direction ( fig. 3b,d ). The two coupled core promoters harbour a similar number and order of DNA elements 36, 57 and, consequently, mammalian promoters need to establish direction-specific signals to efficiently initiate stable transcription of the gene, while transcription of the antisense strand produces short and unstable transcripts 35 . Chromatin immunoprecipitation followed by sequencing (ChIP-seq) assays, such as ChIP-exo 58 and ChIP-nexus 59 , have provided valuable insights into the positioning of transcriptional complexes within the regulatory element. Examining this high-resolution promoter architecture with respect to the activity of the gene -or ability to fire upon heat stress -revealed that positioning of the PIC to the core promoter of the coding strand mediates transcriptional directionality at divergent promoters 11 ( fig. 3b ). The highly directional transcription at divergent promoters of both highly transcribed and heat-induced genes demonstrates that the cell can distinguish between core promoters of a single regulatory element to efficiently direct Pol II towards the gene.
Promoter-proximal pausing enables rapid and synchronous gene activation. One of the most striking features of the transcription of the Drosophila model gene Hsp70 is its promoter-proximal pause and the regulated release of Pol II into elongation 60, 61 , now known to be a necessary step at the vast majority of genes in flies and mammals [9] [10] [11] 27, 28, [35] [36] [37] [38] [62] [63] [64] . Indeed, Pol II pausing has emerged as a major regulatory step that enables rapid and synchronous activation (reviewed in ref. 34 ), as well as global repression 10,11,28 of genes. Besides nascent RNA-seq, high-resolution ChIP assays 58, 59 and permanganate mapping of open transcription bubbles 49, 50 indicate that the majority of Pol II molecules at the 5′ region of the gene reside at the promoter-proximal pause site. In fact, a relatively large fraction of the total transcriptionally engaged Pol II on the genome resides at the promoter-proximal pause site 36, 37 . Together, a variety of genome-wide assays have established that the coordinated release of promoter-proximal paused Pol II into productive elongation and the subsequent recruitment of new Pol II molecules to the promoter region serve as the major regulatory events of transcription, determining the repertoire of active (or inducible) genes, as well as the level of their mRNA biogenesis.
Divergent transcription
A widespread phenomenon in various species in which active genes and enhancers are transcribed in both directions. At genes, the coding strand (sense direction) encodes a stable mrNA, whereas the non-protein-coding antisense transcripts are short and unstable. At enhancers, the transcripts, called enhancer rNAs (erNAs), in both directions are short and unstable.
Core promoters
short (~ 50 nucleotide) regions surrounding the transcription start site that provide a binding platform for general transcription factors (gTfs) and direct rNA polymerase ii to initiation sites.
Promoter architecture
Positioning and dynamics of nucleosomes, chromatin remodellers, transcriptional regulators, the pre-initiation complex and transcriptionally engaged rNA polymerase ii at the promoter.
At the promoter-proximal pause site, 20-50 nucleotides downstream of the TSS, the Pol II complex is stabilized by negative elongation factor (NELF) and unphosphorylated DRB sensitivity-inducing factor (DSIF) complex, which prevent premature termination by increasing the residence time of Pol II at the pause site (reviewed in refs 33, 34 ). Despite slight differences in the molecular machineries that execute promoter opening and create directionality in flies and mammals, the result of these actions at heat-responsive gene promoters is conserved, that is, highly directional, highly paused genes are prewired for rapid and synchronous activation ( fig. 3a,b) .
HSF1-dependent and HSF1-independent gene activation. The activator of HSP genes in eukaryotes is heat shock factor protein 1 (HSF1), an evolutionarily conserved transcription factor that is essential for production of heat-induced chaperones [65] [66] [67] (reviewed in ). Beyond stress, HSF1 is activated in a variety of conditions, such as development, cancer and metabolic processes, which positions HSF1 at the crossroads of sensing and responding to cellular states ( fig. 1 ). HSF1 is held in an inactive monomeric state through interactions with chaperones (reviewed in refs 6, 8, 12 ). These interactions are relieved when protein-damaging conditions sequester chaperones and release HSF1 to its active trimeric state ( fig. 1) . As a trimer, HSF1 binds tightly to DNA and recruits chromatin remodellers and factors, such as positive transcription elongation factor b (P-TEFb) (reviewed in refs 6, 8, 12 The shaded grey areas demonstrate Pol II density. Ac, acetylation; DSIF, DRB sensitivity-inducing inducing factor ; NELF, negative elongation factor ; P, phosphorylation.
and the cell cycle phase 31, 68, 69 each create unique environments that affect the binding and transactivation capacity of HSF1.
The instant responsiveness of chaperone genes to heat stress is mediated via the open chromatin state and pre-established paused Pol II (fig. 3a,b) . HSF1 has been reported to participate in the establishment and maintenance of the open chromatin state via direct interactions with the SWI-SNF complex 70 , the FACT complex 55, 71 and the histone acetyltransferase TIP60 (also known as KAT5) 71 and through indirect mechanisms that promote acetylation of histones H4 (refs 72,73 ) and H2A 71 . The primary function of HSF1 upon stress, however, seems to be to release paused Pol II into productive elongation 9, 10 ( fig. 3c,d ).
The importance of HSF1 for transactivating genes that are highly induced upon heat stress has become evident from analyses of mRNA expression (reviewed in refs 8, 12 ) and nascent transcription [9] [10] [11] . However, the transcriptional response to stress extends beyond HSF1-activated genes, as transcription of the majority of heat-induced genes does not depend on HSF1 (refs 9,10,74 ). Furthermore, global genome-wide repression of transcription occurs independently of HSF1 (refs 9,10 ), underscoring the importance of multiple pathways and executor molecules for the global coordination of transcriptional stress responses. In mouse fibroblasts, serum response factor (SRF) was recently shown to mediate the rapid induction of cytoskeletal genes, exemplifying an HSF1-independent transactivator that triggers reprogramming of RNA synthesis in heat-stressed cells (fig. 3d) . Intriguingly, SRF binding upon heat shock is transient 10 , which implies extremely dynamic mechanisms that control both activation and inactivation of SRF during heat stress.
Release of paused Pol II and recruitment of new Pol II.
At the Hsp70 gene in D. melanogaster, the heat-induced release of paused Pol II into elongation requires HSF1-dependent recruitment of P-TEFb 75 . Since P-TEFbmediated phosphorylation of NELF and the C-terminal domain (CTD) of Pol II are essential for gene expression in mammals (reviewed in ref. 76 ), it is tempting to speculate that increased P-TEFb concentration at heatinduced genes could overcome the global transcriptional repression. The entry of new Pol II molecules to the TSS is limited by the rate of release of Pol II into productive elongation 77 , as might be expected from the position of the pause site and the size of the Pol II complex, which causes steric hindrance for new initiation 78 . Coupling PTEFb-mediated pause-release to the entry of new Pol II 78 molecules might thus be an important mechanism that drives high transcriptional activity, such as that triggered by heat shock.
Regulation at stress-repressed genes
The genome-wide transcriptional repression in heatstressed or celastrol-stressed cells occurs via inhibition of the release of promoter-proximal Pol II into elongation 10,11,28 ( fig. 2) . The reduced entry into elongation subsequently causes transcription machineries to clear off from the gene bodies of thousands of repressed genes 9-11,28 ( fig. 2) . In mammals, which harbour long genes, this clearance is likely to cause a profound increase in the pool of unengaged Pol II ( fig. 4a ), which could be exploited to rapidly fill freed pause sites at stress-induced genes ( fig. 4b ). In addition to Pol II accumulation at induced genes, its density increases at the pause sites of repressed genes ( fig. 4c) , where the presence of PIC is directing Pol II molecules to the TSS, but inhibited release from the pause site causes Pol II to accumulate 10,11,28 ( figs. 2A, 4c ). This increased pausing of repressed genes could be, in essence, an efficient mechanism to ensure their rapid reactivation once the stress is ameliorated. In flies, where the genes are generally short, the clearance of Pol II from heat-repressed genes frees a more limited pool of unengaged Pol II 9 , which is likely needed in its entirety at heat-induced genes. As a consequence, the global redistribution of Pol II is less prominent in flies despite the largely similar mechanism that coordinates the Pol II molecules genome-wide. The molecular events that inhibit Pol II pause-release at thousands of genes upon stress remain to be shown but are likely to involve sequestering and/or limited activity of P-TEFb or some other general component of the transcriptional regulatory machinery.
genome-wide changes in the enhancer landscape Enhancers are regulatory elements that can activate gene transcription over large distances, and they have emerged as important definers of cell-type-specific patterns of transcription 79 (reviewed in refs 80, 81 ). With the advent of high-throughput sequencing, enhancers have been shown to produce short and unstable transcripts termed enhancer RNAs (eRNAs) 82, 83 and to share many structural features with promoters 35, 84, 85 . Especially in mammals 35 but also in flies 36 , eRNAs are generally produced from divergent regulatory elements, which harbour two core initiation regions that launch transcription in opposing directions. The exact mechanistic coupling of enhancer transcription and its gene regulatory activity are currently elusive; however, activated enhancers typically produce unstable and short transcripts in both directions 35, 84, 85 ( fig. 2A) . Interestingly, enhancers harbour a similar composition, yet lower levels, of transactivators and transcription machinery compared with promoters 11, 35 , suggesting comparable regulatory events at genes and enhancers. Furthermore, enhancer transcription is coordinated by P-TEFb and DSIF-mediated pause-release 84 , emphasizing the generalities of transcriptional mechanisms between transcribed regulatory elements.
Remodelling at enhancers
Using PRO-seq, the genome-wide enhancer transcription was measured at nucleotide resolution in unstressed and stressed human cells 11, 28 . This direct quantification of eRNA synthesis uncovered the immediate establishment of a distinct repertoire of transcribed enhancers under acute stress 11 , indicating genome-wide changes in enhancer activity. Concurrent with the transcriptional reprogramming of genes, heat stress or celastrol treatment causes an overall increase in Pol II density at enhancers 11, 28 . Because enhancer transcription, in general, correlates with its enhancing capacity 84, 85 , the
Core initiation regions
similar to core promoters, these regions are the sites of rNA polymerase ii assembly and transcription initiation at promoters or enhancers.
increased transcription at many enhancers likely indicates their increased activity 11, 28 . However, the collectively higher transcription at enhancers upon heat or celastrol treatment may reflect the increased availability of Pol II in the cell (discussed above), contributing to the rapid changes in enhancer transcription ( figs. 2A,4) . Beyond the enhancers that show either induced or reduced Pol II density along the regulatory element length ( fig. 2A) , a subset of enhancers shows restricted progression of Pol II upon heat stress 11 . This changed pattern of Pol II elongation at enhancers could indicate that regulation of Pol II progression acts as an indicator, or possibly a rate-limiting step, in establishing enhancer activity. Indeed, given the recently identified P-TEFbmediated pause-release at enhancers in D. melanogaster 84 , it seems plausible that enhancer transcription is also globally coordinated at both initiation and pausing. However, like the functional relevance of eRNAs, the consequences of Pol II pause-release for enhancer activity remain to be shown.
Lineage-specific factors mark enhancers
While promoters are marked for rapid activation by abundant levels of GTFs and highly paused Pol II, heat-activated enhancers harbour much lower levels of transcription machinery under normal conditions 11 . Instead, heat-induced enhancers contain high levels of lineage-specific factors, such as GATA-binding proteins (erythroid transcription factor (GATA1) and endothelial transcription factor GATA2) and T cell acute lymphocytic leukaemia protein 1 (TAL1), in unstressed human K562 cells 11 . Lineage-specific factors are important determinants of the enhancer repertoire during development 81 , and their pre-existence at stress-responsive enhancers suggests that similar mechanisms establish enhancer responsiveness during stress and development. As waves of enhancer transcription precede or co-occur with changes in the gene expression programme during development 86 and stress 11, 28 , the general mechanisms of lineage-specific factors likely involve defining conditionspecific gene expression programmes by preparing the repertoire of inducible enhancers.
HSF1 activates enhancer transcription
Genome-wide profiling of HSF1 target sites has shown that the majority of HSF1-bound regions lie distal to gene promoters 10, 21, [30] [31] [32] . By comparing HSF1 target sites with the coordinates of transcribed regulatory regions, HSF1 was found to be recruited upon sensing of heat to hundreds of heat-activated enhancers 11 . Whether the role of HSF1 at enhancers is to induce eRNA production, to reach paused Pol II at the promoter-proximal region or to increase the local concentration of transcriptional regulators in the connected promoter-enhancer hubs In mammals, where genes are generally long, the clearing of Pol II causes an abundant pool of unengaged Pol II in the cell. The increased availability of Pol II can be utilized for rapid filling of the pause sites at heat-induced genes where the rate of pause-release profoundly increases (part b), as well as the filling of the available pause sites at heat-repressed genes where inhibition of pause-release causes high promoter-proximal pause signal (part c). The increased availability of Pol II is likely to be also contributing to the tuning up of the enhancer repertoire, as an increased number and transcription of enhancers are detected upon heat 11 and celastrol 28 stresses (part d). The Pol II profile at these example genes and enhancer is obtained from the raw data presented in ref.
11
, where human K562 cells were subjected to a 30-minute heat stress at 42 °C. Transcriptionally repressed genes (parts a and c) are indicated in blue, and a transcriptionally induced gene (part b) and enhancer (part d) are depicted in red.
remains to be shown. However, previous results have demonstrated that Pol II pause-release at promoters can be triggered by enhancers [87] [88] [89] and that HSF1 contributes to the transcriptional induction, as well as to the recruitment of transcription machinery and chromatin modifiers 47, [70] [71] [72] [73] 75 . These features of HSF1 activity could be exploited at enhancers. Since enhancers define the cell type-specific patterns of transcription, it is likely that at least a subset of the enhancer-mediated transcriptional reprogramming upon stress contributes to cell type-specific stress responses. In comparison, the ubiquitously heat-induced HSP genes across eukaryote species gain HSF1 binding to the promoters, suggesting that the conserved, promoter-driven response to heat stress is complemented with enhancer-dependent specificity. The mechanisms by which HSF1 drives transcriptional programmes via promoters and enhancers are likely to extend from stress to other genome-regulatory responses, such as those during development 68 and cancer progression 21 . chromatin remodelling upon stress Genomes are three-dimensionally organized structures in which the accessibility of DNA elements and the proximity of distal regions are coordinated in space and time (reviewed in ref. 90 ). The connectivity network of the genome is composed of both short-range and longrange interactions, which provide the organizational platform for transcriptional regulation and enhancerpromoter interactions 90 . Transcriptional reprogramming upon stress co-occurs with global changes in chromatin landscape at genes, enhancers and untranscribed regions 11, 27, 29 . Moreover, heat-induced changes in connectivity and organization of the genome have been reported in yeast 91 and flies 92 .
Histone modifications
Rapid stress-induced gene activation is accompanied by the dynamic remodelling of nucleosomes, not only at promoters but also along coding regions 29, 47, 48, 71 . The rapid regulation of the chromatin state across the transcribed genome has been globally demonstrated during the UPR ER ; upon its activation, the majority of promoters of active genes and their gene bodies show increased accessibility 29 . The increased nucleosome accessibility at genes involves histone acetylation 11, 29 , which loosens the DNA-nucleosome interactions, subsequently facilitating transcription factor binding and the progression of Pol II (reviewed in ref. 93 ). Importantly, histone acetylation also occurs at transcriptionally activated enhancers and at HSF1-bound genomic regions that do not initiate detectable levels of transcription 11 . Whether the untranscribed islands of histone H4 acetylation are enhancers without transcriptional activity, architectural regions for genomic interactions or platforms for transcription factor binding is currently unknown. However, the instant reprogramming of enhancers and the appearance of untranscribed islands of histone H4 acetylation indicate reshaping of the regulatory element landscape in stressed cells and highlights the dynamic interplay of genes, distal regulatory elements and the chromatin state.
Chromatin compartmentalization
Genome architecture is mediated via protein-mediated chromatin looping that creates domains in which regulatory processes can be coordinated and molecules or histone modifications can be concentrated or depleted 90 . Such looping has been reported to occur via CCCTC-binding factor transcriptional repressor CTCF 94 , cohesin 95 and transcriptional activating and repressing protein YY1 (ref.
96
). Beyond the interactions between protein-bound DNA elements, chemical compartmentalization, such as parylation, sumoylation and phase separation, can create insulated regions (reviewed in refs [97] [98] [99] ). The ordered recruitment of transactivators, remodelling complexes and Pol II at the Hsp70 gene in D. melanogaster occurs concurrently with compartmentalization of the locus 44, 47, 71 . This heat-induced compartmentalization is mediated by poly(ADPribose) polymerase 1 (PARP1), which generates linear or branched polymers of ADP-ribose (PAR) ( fig. 3c ) and is associated with chromatin decondensation 100, 101 . The exact molecules that become parylated are not known, but the produced network of PAR molecules can retain transcription machinery in the locus, thereby enabling efficient recycling of Pol II and high levels of transcription 47 . Parylation at the HSP70 locus has also been demonstrated in human cells 102, 103 , and HSF1-dependent PARP1 recruitment was recently shown to occur during the DNA damage response 104 . At heat-activated genes, the increased levels and spreading of PARP1 are thought to create an insulated region for transcription 47, 71 , whereas during the DNA damage response, HSF1-dependent PARP1 recruitment to heat shock elements enables efficient repair at nearby loci 104 . Besides parylation, conjugation of small ubiquitinrelated modifier (SUMO) to chromatin-bound proteins has been suggested to contribute to formation of chromatin domains and insulate regions during stress (reviewed in refs 98, 105 ). Sumoylation of the proteome is indeed a hallmark of heat, osmotic, ethanol, metabolic and genotoxic stresses [105] [106] [107] [108] [109] , and large-scale, selective chromatin sumoylation occurs upon heat shock, particularly at active genes and Pol II pause sites 27 . As a number of chromatin-bound proteins, from transactivators to chromatin modifiers and histones, become sumoylated during stress 108, 110 , the chromatin sumoylation likely targets a multitude of individual proteins. Intriguingly, parylation at chromatin has been coupled to sumoylation of PARP1 (refs 102,103 ), indicating potential crosstalk between chemical moieties, perhaps adding regulatory layers to condition-specific chromatin compartmentalization.
The concept of transcriptional compartments is particularly important in terms of enhancer-promoter connectivity, as transcriptional hubs, consisting of genes and their regulatory elements, are proposed to create phaseseparated domains in which transcriptional components are both concentrated and effectively retained 111 . Indeed, one of the mechanisms of enhancer-mediated transcriptional control involves increasing the local concentration of the transcription machinery, which could be coordinated by compartments that retain, or restrict, 98, 105 .
co-transcriptional processing
The discoveries of co-transcriptional processes have profoundly increased our understanding of how transcription is intricately intertwined with RNA maturation (reviewed in ref.
114
; Box 1). Upon heat shock, the transcriptional reprogramming co-occurs with genome-wide changes in splicing and polyadenylation [115] [116] [117] .
Intron retention versus splicing
Co-transcriptional splicing was recently measured for individual genes in mouse cells, showing that severe 44 °C heat treatment causes retention of introns in 27% of transcripts that have at least two introns and adequate levels of expression for quantification by RNA-seq 117 . In general, transcripts that retained introns were abundantly expressed before heat exposure and remained in the nucleus during stress. These precursors of mRNA could be important for the rapid recovery from stress, as many of their encoded proteins are known to be involved in key processes of gene expression. By contrast, heatinduced genes were co-transcriptionally spliced and translated to proteins 117 , indicating highly selective mechanisms that recognize genes for rapid heat-induced synthesis of mature mRNA ( fig. 5 ).
Readthrough transcription and polyadenylation
Transcription terminates when Pol II proceeds beyond the polyadenylation and cleavage site (PAS) where the transcript is cleaved, and poly(A) polymerase (PAP) synthesizes an untemplated adenosine stretch to the 3′ end of the RNA (reviewed in ref.
118
). After cleavage, Pol II continues transcription but is 'chased down' by exonucleases that target the subsequently uncapped nascent RNA. Upon osmotic, oxidative or heat stress, transcriptional patterns of thousands of genes show prolonged Pol II progression, extending several kilobases further downstream of the PAS than observed in nonstress conditions 119 . Reduced poly(A)-processing has been coupled to readthrough transcription [120] [121] [122] , and RNA-seq studies indicate that readthrough transcription indeed produces long RNA molecules that mostly remain in the nucleus 119 ( fig. 5 ).
Reduced polyadenylation in heat-stressed cells involves PARP1-mediated parylation and subsequent removal of PAP from the 3′ ends of non-induced genes 116 . How the heat-induced genes evade parylation of PAP and its release from the RNA is not currently known. However, PARP1 levels have been shown to increase at the 5′ end and reduce at the 3′ end of heatinduced genes upon stress 116 , suggesting tightly regulated PARP1 localization along the gene. The heat-induced repression of splicing could be coupled to increased readthrough transcription and reduced polyadenylation, producing long intron-containing transcripts that are retained in the nucleus ( fig. 5) , perhaps until the stress conditions are reversed and the cell restores its basal functions, including splicing and translation. The heat-induced transcription, by comparison, is coupled to co-transcriptional splicing, efficient polyadenylation, translocation into the cytosol and abundant translation, demonstrating how coupled transcription and RNA processing can be streamlined for swift protein synthesis.
conclusions and perspectives
Rapidly provoked stress responses have paved the way for elucidating key cellular and biological processes. Over the past several years, genome-wide characterizations of nascent transcription, chromatin state and co-transcriptional processes have fuelled a change from gene-centric analyses to genome-wide measuring of transcriptional control. The major transcriptional discoveries from stress responses include the ordered regulatory events that orchestrate heat-induced transcription, as well as the identification of promoterproximal pausing of Pol II as the major step at which this rapid and global reprogramming is defined. Moreover, with the ability to map the exact locations of transcription complexes, the rules that create transcriptional directionality are becoming evident, and identification of enhancers and measures of their eRNA production can be conducted at nucleotide resolution. Despite recent advances, there are a number of questions that remain to be answered. While pre-established chromatin architecture and transactivator binding trigger transcription upon stress [9] [10] [11] , the molecular mechanisms that simultaneously repress thousands of genes are unknown. On a similar note, although recent studies have identified how the enhancer repertoire is reprofiled within minutes of stress 11, 28 , the correlation of enhancer transcription and chromatin state with the capacity to activate connected genes remains to be elucidated. Another major question to be answered in the field of cell biology is whether every cell in a population responds to a stress signal. The individual cells in D. melanogaster salivary glands elicit a strikingly synchronous stress response, with highly similar recruitment kinetics, execution rates and compartmentalization dynamics at Hsp70 loci [44] [45] [46] [47] . In Caenorhabditis elegans, two sensory neurons are essential for the heat response of the animal 16 , indicating communication between tissues and organismal control over cells. Moreover, the previous experience of the animal can prime HSF1-mediated responses 123 , and the metabolic state of the organism is integrated via neuroendocrine networks and transcellular chaperones 16, 17 to the ability of the cells to provoke transcriptional changes ( fig. 1 ). Single-cell sequencing methods hold great promise for the elucidation of the global transcriptional response and the fate of each cell in a culture, tissue or organism. In the future, when targeted RNA-capture or DNA-capture from single cells becomes highly efficient, methods such as ChIP-seq and nascent RNA-seq will provide insights into the mechanisms of regulation at the single-cell level. Single-cell measurements of mRNA expression have already enabled the dissection of transcriptional responses for each signalling pathway of the UPR ER , revealing that stress responses can be executed in markedly different ways within distinct cells of an apparently homogeneous cell population 124 . Expanding mechanistic analyses of gene and enhancer coordination to single-cell studies and to the physiological models of tissues and organisms will profoundly increase our knowledge of how cellular processes are coordinated within organisms and how neurodegenerative diseases or cancer progression are intertwined with the ability to maintain homeostasis. Taken together, the future holds great promise for uncovering how transcriptional networks of genes and enhancers are coordinated in single cells and across the organism in health and disease.
